The rhinal cortices contribute to memory formation by integrating and transferring neocortical information to the hippocampus. Rhinal contributions to memory are likely influenced by the amygdala because strong reciprocal connections exist between these structures. In light of previous data showing that oscillations regulate neuronal activity during memory formation and recall, we tested the possibility that coherent oscillations serve to coordinate amygdalo-rhinal activity during learning. To this end, we performed simultaneous extracellular recordings of basolateral amygdala (BLA), perirhinal, and entorhinal activity. We first tested whether there are correlated fluctuations in the power of BLA and rhinal field activity during the waking state. Correlated power fluctuations were most pronounced in the 35-45 Hz band. Within each structure, firing probability fluctuated rhythmically with the fast oscillations, indicating that they were not volume conducted. To test whether fast oscillations coordinate BLA and rhinal activity during learning, animals were trained on a trace-conditioning task in which a visual conditioned stimulus (CS) predicted a food reward after a delay. The predictive value of the CS was learned gradually over 9 d. As learning progressed, the 35-45 Hz power increased in the BLA and rhinal cortices, particularly during the late part of the CS and delay. Moreover, the firing of BLA and rhinal neurons became rhythmically entrained by BLA oscillations at that time. Thus, our data suggest that neuronal interactions are coordinated by fast oscillations in the BLA-rhinal network. By telescoping the periods of effective neuronal interactions in short recurring time windows, these fast oscillations may facilitate rhinal interactions and synaptic plasticity.
Introduction
The rhinal cortices occupy a strategic position among the temporal lobe structures involved in declarative memory. Indeed, most sensory information from the neocortex reaches the hippocampus via the perirhinal and entorhinal cortices (for review, see Burwell and Witter, 2002) . The rhinal cortices also form strong reciprocal connections with the basolateral amygdala (BLA) (Krettek and Price, 1977a,b; Room and Groenewegen, 1986; Smith and Paré, 1994) , an area implicated in the facilitation of memory by emotions (McGaugh, 2004) . Both BLA-rhinal and rhinal-BLA connections arise from glutamatergic neurons that mostly target other principal cells (Smith and Paré, 1994; BrinleyReed et al., 1995; Paré et al., 1995; Farb and Ledoux, 1999; Smith et al., 2000; Pitkänen et al., 2002) . The close anatomical ties between the rhinal cortices and BLA suggest that rhinal contributions to memory are likely influenced by the BLA.
Support for the idea that the BLA and rhinal cortices are closely related also comes from physiological studies. For instance, the BLA and rhinal cortices exhibit a similar pattern of spontaneous activity, including slow and delta oscillations in slow-wave sleep and under anesthesia (Paré and Gaudreau, 1996; Collins et al., 2001) , as well as theta oscillations during paradoxical sleep (Paré and Gaudreau, 1996) and during emotional arousal (Paré and Collins, 2000; Seidenbecher et al., 2003; Pape et al., 2005) .
Although these findings imply that BLA and rhinal functions are intertwined, lesion studies generally emphasize that the amygdala and rhinal cortices contribute to distinct forms of memory. Indeed, rhinal lesions interfere with recognition and associative memory (for review, see Suzuki, 1996) . In contrast, amygdala lesions were reported to have little effect on tests probing these functions (Zola-Morgan et al., 1989 Parker and Gaffan, 1998 ). Yet other observations support the idea that the amygdala facilitates memory formation via the rhinal cortices in emotionally arousing conditions (Phelps, 2004) . For instance, long-term declarative memory for emotionally arousing material is generally better than for neutral events, and this effect is absent in subjects with amygdala lesions (Cahill et al., 1995; Adolphs et al., 1997; Richardson et al., 2004) . Moreover, functional imaging studies have reported a high correlation between the amount of amygdala activation at encoding and long-term recall of emotional material (Cahill et al., 1996; Hamann et al., 1999) .
In light of these data, the present study was undertaken to examine how the amygdala and rhinal cortices interact in a learning context, focusing on neuronal oscillations. Indeed, evidence suggests that oscillations serve as a mechanism to coordinate ac-tivity in different structures during memory formation and recall (Gray and Singer, 1989; Ribary et al., 1991; Lisman and Idiart, 1995; Buzsaki and Draguhn, 2004; Bartos et al., 2007 ). Thus, we tested the possibility that coherent oscillations serve to coordinate amygdalo-rhinal activity during the acquisition of a traceconditioning task whose acquisition requires interactions between the hippocampus and rhinal cortices (Ryou et al., 2001; Asaka et al., 2002) .
Materials and Methods

Surgery
All procedures were approved by the Institutional Animal Care and Use Committee of Rutgers State University, in compliance with the Guide for the Care and Use of Laboratory Animals (Department of Health and Human Services) . Three adult cats were preanesthetized with a mixture of ketamine and xylazine (15 and 2 mg/kg, i.m.) and then artificially ventilated with a mixture of ambient air, oxygen, and isoflurane. Atropine (0.05 mg/kg, i.m.) was administered to prevent secretions. The end-tidal CO 2 concentration was maintained at 3.7 Ϯ 0.2% and the body temperature at 37-38°C (with a heating pad). After trepanation and opening of the dura mater, an array of highimpedance microelectrodes was stereotaxically lowered until the electrodes reached the deep layers of the rhinal cortices and the dorsal aspect of the BLA. Then, four screws were cemented to the skull to later fix the cat's head without pain or pressure. Cats were administered penicillin (20,000 UI/kg, i.m.) and an analgesic (Ketofen, 2 mg/kg, s.c.) daily for 3 d after the surgery. Recording sessions began 8 d after the surgery.
The array of electrodes was constructed by drilling small holes in a Teflon block and then inserting tungsten microelectrodes into them. The Teflon block was then inserted into a tightly fitting Delrin sleeve, which was cemented to the skull. The lengths of the electrodes were adjusted so that unit recordings could be simultaneously obtained in the BLA and rhinal cortices.
Behavior
From the very first recording session until the end of the acquisition period, cats were trained on an appetitive trace-conditioning task in which a visual conditioned stimulus (CS) (1.5 s) was followed by a 1.5 s delay period after which a liquid reward was administered. Trials occurred at random intervals of 30 -90 s. The visual CS was a global change in the illumination (from black to white) of a 12 inch liquid crystal display screen placed 1 foot in front of the animals. Detection of the CS did not require the cats to maintain a fixed gaze because the screen encompassed most of the cat's visual field. The liquid reward was pureed Gerber's baby food (2 ml/trial). The animals were fed only during recording sessions, and their weight was monitored daily to maintain body weight within 10% of its initial value. Licking behavior was monitored by means of a switch detecting when the tongue of the animals contacted the receptacle in which the food reward was administered.
Recordings
Neuronal activity was sampled at 100 m intervals. Each day, the electrodes were lowered to a new recording site, and at least 30 min elapsed before data were acquired, to ensure mechanical stability. The signals picked up by the electrodes (0.1 Hz to 20 kHz) were observed on an oscilloscope, digitized, and stored on a hard disk. Spike sorting was performed off-line using a clustering algorithm based on principal component analysis and K-means.
Histology
At the end of the experiments, the cats were given an overdose of pentobarbital (50 mg/kg, i.v.), and the final recording sites were marked with electrolytic lesions (0.5 mA, 10 s). The cats were then perfused transcardially with 500 ml of 0.9% saline and then 500 ml of fixative (2% paraformaldehyde and 1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4). The brains were later sectioned on a vibrating microtome (100 m) and stained with cresyl violet to verify electrode positions.
Data analysis
Correlation of power fluctuations. For each recorded channel, field potentials were segmented into 0.5 or 1 s windows that shifted in steps of 100 ms. Similar results were obtained with both window durations. Fast Fourier transforms (FFTs) were computed for each window. To determine whether power fluctuations at different recording sites were correlated, the power at each frequency for two different channels was correlated with the power of all other frequencies. Correlation coefficients were color coded and plotted in two dimensions with the frequencies of one channel in y and the frequencies of the other in x. These correlation plots consistently revealed that power fluctuations at similar frequencies tended to be more correlated than different frequencies. That is, bins along the main diagonal of the correlation matrix had higher correlation coefficients. However, correlation coefficients for the 35-45 Hz range typically seemed higher. To determine whether this difference was significant, we examined only the correlation coefficients within a narrow band (each frequency of one of the channels with the same frequency of the second Ϯ 5 Hz). We then performed a paired t test between the correlation coefficients at 35-45 Hz and the correlation coefficients within the narrow band of similar frequencies (excluding 35-45 Hz). If there was a significant difference, we determined the direction of the difference: whether the power at 35-45 Hz was more or less correlated than other frequencies.
To assess the correlation of power fluctuations during trace conditioning, FFTs were computed for the pre-CS, CS, delay, and reward periods for all trials. Then, trial-to-trial power fluctuations were correlated between all pairs of recording sites. Correlation coefficients of power between 35 and 45 Hz were normalized to pre-CS values.
Computation of rhythmicity indices. We computed perievent histograms of BLA and rhinal unit discharges using the positive peaks of fast field oscillations in the 35-45 Hz range as temporal references. To this end, field potentials were digitally filtered to isolate the fast oscillations (Chebyshev type II filter, order of 5), and cycles with positive peak Ն3 SD of the overall filtered signal were identified. Then, perievent histograms of unit firing were computed around the positive peaks of the 35-45 Hz activity. Depending on the analysis, the field activity and units were obtained from the same or different channels. A rhythmicity index (RI) was computed to quantify the strength of the modulation of unit activity by fast oscillations. To compute RIs, we measured the maximal peak to trough difference found within half a cycle of the three central peaks (six measures total), averaged these values, and divided the result by the mean of the entire histogram to normalize for firing rate.
To determine whether unit activity was significantly modulated by the fast oscillations, we constructed 100 perievent histograms of unit discharges using the same spike train but with respect to random times. The original RI was then compared with the distribution of random RIs. It was considered significant if it was higher than 95% of the randomly generated values. The same approach was used to examine changes in rhythmicity during trace conditioning, except that in this case the analysis was restricted to four time periods: pre-CS, CS, delay, and reward.
Results
Database
Using an array of high-impedance microelectrodes configured as shown in Figure  1 A, simultaneous extracellular recordings of BLA, perirhinal, and entorhinal neurons were obtained in three cats. After histological reconstruction of microelectrode tracks ( Fig. 1 B-E) , it was determined that a total of 115 BLA, 102 perirhinal, and 73 entorhinal neurons were recorded.
Identification of correlated oscillatory activity in the amygdalo-rhinal circuit
We first tested whether there are correlated fluctuations in the power of BLA and rhinal field activity at any frequency in the waking state. These data were obtained between trace-conditioning trials to ensure that the animals were in an attentive state. Local field potentials (LFPs) were segmented into 1 s windows that shifted in steps of 100 ms. FFTs were computed for each window, and the power at each frequency for one recording site was correlated with the power of all other frequencies at a second recording site. This analysis was performed for all available combinations of recording sites (within the BLA, n ϭ 212; between the BLA and perirhinal cortex, n ϭ 430; between the BLA and entorhinal cortex, n ϭ 276). Figure 2 A shows examples of such analyses in which correlation coefficients (color coded) are plotted in two dimensions with the frequencies of one channel in y and the frequencies of the other in x. Three examples of correlations are shown: within the BLA (Fig. 2 A1) , between the basolateral (BL) nucleus and entorhinal cortex (Fig. 2 A2) , and between the lateral (LA) nucleus and perirhinal cortex (Fig. 2 A3) . These correlation plots consistently revealed that power fluctuations at similar frequencies tended to be more correlated than different frequencies. That is, correlation coefficients along the main diagonal of the matrix tended to have higher values. However, with the exception of frequencies Ͻ4 Hz (subject to contamination by movement artifacts in waking), correlation coefficients for the 35-45 Hz range typically seemed higher. To determine whether this difference was significant, we restricted our attention to the correlation coefficients within a narrow band (each frequency of one of the channels with the same frequency of the second Ϯ 5 Hz).
These analyses revealed that power fluctuations in the 35-45 Hz range were more correlated than at other frequencies (t tests, p Ͻ 0.05) in 42% of all BLA-BLA pairs (n ϭ 212), 40% of BLAperirhinal pairs (n ϭ 430), and 35% of BLA-entorhinal pairs (n ϭ 276). In contrast, when similar analyses were performed for other frequencies (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) , the proportions of significant cases ranged between 10 and 23%. This proportion is significantly lower than for 35-45 Hz ( p Ͻ 0.01, 2 test).
Consistent with this, plots of coherence versus frequency revealed that, of frequencies between 20 and 50 Hz, coherence was maximal in the 35-45 Hz range for all combinations of recording sites (Fig. 2 B) . However, as shown in Figure 2C , computing FFTs on the same data revealed that there was no discrete peak in the range of the fast oscillations in the perirhinal (Fig. 2C3) and entorhinal ( Fig.  2C4 ) cortex, only in the BLA (Fig.  2C1,C2) . Consistent with this, averaging the 35-45 Hz power at all available recording sites revealed that fast oscillations were larger in the BLA than in the rhinal cortices whether we considered the absolute 35-45 Hz power (Fig. 2 D) (one-way ANOVA, F ϭ 12.67, p Ͻ 0.0001; post hoc t tests, p Ͻ 0.004 for all BLA-rhinal comparisons) or divided it by the overall power in all frequencies (data not shown).
To confirm the conclusions derived from the above analyses, the LFPs (Fig. 3 , top traces) were digitally filtered (see Materials and Methods) to isolate the fast oscillations and examine how their amplitude fluctuated at the various recording sites (Fig. 3, bottom traces) . This analysis was performed in all cats for a few representative epochs, and qualitatively identical results were obtained in all cases. Fast oscillations generally had higher amplitudes in the BLA (Fig. 3 , BL, LA1-LA3) than in the rhinal cortices (Fig. 3, PR1 -PR3, ER1-ER2). Moreover, their amplitude fluctuated markedly over time. In all cats, periods of high-amplitude fast BLA oscillations occurred as spindles, 0.3-1.2 s in duration, that appeared more or less simultaneously at all BLA sites but at irregular intervals. Similarly, marked fluctuations in the amplitude fast rhinal oscillations were seen.
Although the amplitude of BLA and rhinal fast oscillations could sometimes be seen to covary (Fig. 3C) , BLA-rhinal coupling was generally less obvious than within the BLA. Consistent with this, the average correlation coefficients of power fluctuations in the 35-45 Hz range were significantly higher within the BLA (r ϭ 0.53 Ϯ 0.01; n ϭ 212) than between the BLA and rhinal cortices (BLA-entorhinal, 0.39 Ϯ 0.01, n ϭ 276; BLA-perirhinal, 0.43 Ϯ 0.01, n ϭ 430).
Overall, these results suggest that fast (35-45 Hz) oscillations represent a dominant EEG rhythm in the amygdalo-rhinal network.
Relationships between theta and gamma activity Within each structure, the power of theta activity varied markedly between recording sites (supplemental Fig. 1 A1, available at www.jneurosci.org as supplemental material), whether we considered absolute values (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material) or normalized the data to total power (supplemental Fig. 1C , available at www. jneurosci.org as supplemental material). However, when we considered all recording sites within each structure, theta and gamma power was weakly correlated (supplemental Fig. 1 A2, available at www.jneurosci.org as supplemental material). Moreover, although gamma power was significantly higher in the BLA than in the rhinal cortices (Fig. 2 D) , the incidence of recording sites with clear theta peaks in their FFT was significantly lower in the BLA (7% of 224) than in the perirhinal (28% of 224) and entorhinal (29% of 224) cortices. Although this suggests that fast amygdalorhinal oscillations have a tenuous relationship to theta activity, it remained possible that, locally in the rhinal cortex, theta and gamma oscillations are related. To explore this possibility, we compared gamma power (normalized to total power) in sites with low versus high theta power (supplemental Fig. 1 D, available at www.jneurosci.org as supplemental material). In the perirhinal cortex (supplemental Fig. 1 D2, available at www. jneurosci.org as supplemental material), gamma power was 56% higher (t test, p Ͻ 0.05) in channels with high compared with low theta power. However, this effect was not observed in the entorhinal cortex (supplemental Fig. 1 D1, available at www. jneurosci.org as supplemental material) and BLA (supplemental Fig. 1 D3, rial) (t tests, p Ͼ 0.05). Another possibility, not probed in the above tests is that moment-to-moment fluctuations in gamma and theta power are related. To examine this possibility, we analyzed spontaneous waking data in 1 s windows and correlated power fluctuations in the gamma and theta band for each channel. However, correlation coefficients were low (perirhinal, r ϭ 0.16 Ϯ 0.02; entorhinal, r ϭ 0.19 Ϯ 0.02; BLA, r ϭ 0.08 Ϯ 0.02).
Thus, although instantaneous fluctuations in theta and gamma power are somewhat related in the rhinal cortices, this is not the case for BLA activity. In light of this, it appears that theta is not a determinant factor in facilitating the emergence of correlated fast BLA-rhinal oscillations.
Relationships between unit activity and fast oscillations
To determine whether the fast oscillations seen in the LFPs were volume conducted from neighboring structures versus generated locally, we examined whether BLA and rhinal unit activity was modulated by the 35-45 Hz oscillations. To this end, we constructed perievent histograms of unit activity around the positive peaks of the fast oscillations recorded by the same microelectrode as used for the unit activity. First, the fast oscillations were isolated by digitally filtering the LFPs, and cycles with positive peak greater than or equal to the average plus 3 SDs of the overall filtered signal were identified (Fig. 4 A) . Similar results were obtained with peaks Ն2 or 2.5 SDs. Then, histograms of spike firing for each cell were constructed around the positive peaks of the fast oscillations picked up by the same electrode as the unit activity (Fig. 4 B, C) . Figure 4 shows examples of such perievent histograms for BLA (Fig. 4 B) and rhinal (Fig. 4C) neurons. As evidenced in these examples, modulation of unit activity by fast oscillations was observed frequently, indicating that the fast oscillations seen in the BLA and rhinal cortices were not volume conducted.
To compare the modulation of unit activity by fast oscillations in the various regions, we computed an RI for each cell. The RI was obtained by averaging the difference in spike counts between the three center peaks and troughs of the perievent histograms (for details, see Materials and Methods) and dividing the result by the average of the entire histogram to normalize for variations in firing rates. Statistical significance of the RI was tested by recomputing the perievent histograms after shuffling the peak times, repeating this process 100 times. The actual RI was considered significant if it was higher than 95% of the randomly generated RIs.
Using this approach, it was determined that RIs were significant in 44, 43, and 46% of BLA, perirhinal, and entorhinal neurons, respectively. Figure 4 D shows the distribution of RIs for all BLA (Fig. 4 D1) and rhinal (Fig. 4 D2) neurons with significant RIs. The RIs of BLA neurons (0.95 Ϯ 0.06) were significantly higher than that of rhinal neurons (0.78 Ϯ 0.05, t test, p Ͻ 0.03; Wilcoxon's rank sum test, p Ͻ 0.01), yet the timing of the largest peaks with respect to the fact oscillations was similar in the BLA and rhinal cortices. This point is addressed in Figure 4 E showing the distribution of peak times for BLA (Fig. 4 E1) and rhinal (Fig. 4 E2) neurons with significant RIs. In both cases, most of the peaks occurred during the rising positive phase of the fast oscillation (Fig. 4 E1,E2 ). However, there was a smaller group of cells, significantly more important in the BLA ( 2 test, p Ͻ 0.05), with peak times coinciding with the falling positive phase or negative peak of the fast oscillations (Fig.  4 E1) . The proportion of BL neurons with histogram peaks centered on the negative peak of the fast oscillation (21%) was significantly higher than seen among LA neurons (4%; 2 test, p Ͻ 0.05). Coupled to the higher power of fast oscillations in the BL nucleus (Fig. 2 D) , this observation suggests that the BL nucleus may play a particularly important role in generating fast oscillations in this network.
To determine whether fast oscillations are associated with changes in firing rates, we compared the firing rates of BLA, perirhinal, and entorhinal neurons in periods of high versus low gamma power. Within each structure, there was heterogeneity in this respect, with some cells increasing, others decreasing or not changing their firing rates when gamma power increased. In keeping with this, overall differences in firing rates between periods of high versus low gamma power did not reach significance (BLA, 2.09 Ϯ 0.28 and 2.07 Ϯ 0.29 Hz; perirhinal, 3.51 Ϯ 0.37 and 3.45 Ϯ 0.37 Hz; entorhinal, 2.95 Ϯ 0.35 and 2.6 Ϯ 0.29 Hz; t tests, p Ͼ 0.05).
Overall, these data indicate that, within the BLA and rhinal cortices, fast field potential oscillations are associated with rhythmic modulations of firing probability. Considering the high coherence of BLA and rhinal gamma oscillations and in light of the involvement of these structures in memory, we next tested whether neuronal interactions at the gamma frequency coordinate amygdalo-rhinal interactions during learning.
Fast oscillatory activity during learning
To investigate whether amygdalo-rhinal interactions are modulated by fast oscillations in a learning context, we trained three cats on an appetitive traceconditioning task whose acquisition was shown previously to depend on interactions between the hippocampus, rhinal cortices, and BLA (Ryou et al., 2001; Asaka et al., 2002; Paz et al., 2006) .
The trace-conditioning paradigm consisted of the presentation of a 1.5 s visual CS (global change in the illumination of a computer screen) followed by a delay period of equal duration after which a liquid food reward was delivered (Fig. 5A) . Progression of learning on this task was monitored by analyzing the rate of anticipatory licking (licking occurring after the CS but before reward delivery) (Fig. 5B) . All animals considered individually or as a group showed a rapid initial learning phase that could be observed as early as training days 2-3, followed by a protracted period of slower improvements that extended up to training days 5-9 (ANOVA of trials over sessions, p Ͻ 0.05 for all animals). Overall, this suggests that, although memory for the predictive value of the CS for reward delivery is formed as early as the second training session, it is then gradually strengthened over a period of several days. Based on this evidence, we separated the training sessions into an early and a late phase (training days 1-3 vs 7-9) (Fig. 5B) .
To test whether the amplitude of fast oscillations varied as a function of the learning phase, the data obtained during trace-conditioning trials was segmented in 500 ms windows, FFTs were computed for each window, and the 35-45 Hz power was plotted after normalization to the total power in all frequencies (Fig. 5C,D) . This analysis revealed that the main difference between early (Fig. 5C) versus late (Fig.  5D ) training days occurred in relation to the late part of the CS and delay. Indeed, whereas no change in 35-45 Hz power occurred in relation to the CS and delay at early stages of learning (Fig. 5C) , a large (up to 19%) and sustained increase in the power of fast oscillations was seen at late stages of training (Fig. 5D ) in the BLA and rhinal cortices ( p Ͻ 0.01, 2 test). This delayassociated rise in the power of fast oscillations actually began during the late part of the CS and was the only consistent difference to be observed between early versus late days of training across the three structures.
Not only was there a delay-related increase in the power of fast oscillations at late stages of learning (Fig. 5D ), but trial-to-trial fluctuations in 35-45 Hz power at the various recording sites were also more strongly correlated than at early stages of training during the delay (Fig. 6) .
To study this point, FFTs were computed for the pre-CS, CS, delay, and reward periods for all trials. Then, trial-to-trial power fluctuations of fast oscillations were correlated between all pairs of available BLA recording sites (early, n ϭ 59; late, n ϭ 67), BLA and perirhinal sites (early, n ϭ 46; late, n ϭ 101), as well as BLA and entorhinal sites (early, n ϭ 97; late, n ϭ 85). Correlation coefficients were normalized to pre-CS values.
The pre-CS values for BLA-BLA correlations at early versus late stages of learning were statistically indistinguishable (early, 0.50 Ϯ 0.03; late, 0.56 Ϯ 0.03; t test, p ϭ 0.1). In contrast, the r values of the pre-CS period were significantly higher for the late compared with the early learning stages for both BLA-perirhinal (early, 0.31 Ϯ 0.01; late, 0.39 Ϯ 0.02) and BLA-entorhinal (early, 0.24 Ϯ 0.02; late, 0.36 Ϯ 0.02) correlations (t tests, p Ͻ 0.01). These higher pre-CS correlations suggest that, despite the variable duration of inter-CS intervals, the animals anticipated the CS at late stages of training but not initially.
Compared with the early training phase, there was a large increase in the correlation of 35-45 Hz power fluctuations at late stages of learning in relation to the delay and reward for all combination of recording sites (t tests, p Ͻ 0.05). For an example of delay-related increase in the correlation of trial-to-trial power fluctuations at 35-45 Hz at late stages of learning, see Figure 7 .
To determine whether this was reflected in the modulation of unit activity by 35-45 Hz oscillations, we digitally filtered the LFPs of BLA channels between 35 and 45 Hz and examined unit firing of BLA, perirhinal, and entorhinal units with respect to fast BLA oscillations. Perievent histograms of unit activity were constructed and RIs computed as described above (see Fig. 4 and associated text). The RIs measured during the CS, delay, and reward period were then normalized to pre-CS values (supplemental Table S1 , available at www.jneurosci.org as supplemental material).
As shown in the bar graphs of Figure 8 A, during the early phase of training, RIs increased by 5-33% during the various phases of the conditioning trials compared with the pre-CS period. These changes were statistically significant for all combinations of recording sites (paired t tests, p Ͼ 0.05) with the exception of reward-related activity between the BLA and rhinal cortices. Consistent with the 35-45 Hz power analysis described above, the only significant differences in RIs between the early and late phase of training was observed during the delay (t tests, p Ͻ 0.05) when all pairs of recording sites showed a large increase in RIs (range, 60 -250%) (Fig. 8 B) . Similar results were obtained when this analysis was performed with rhinal gamma (supplemental Fig. 2, Table 1 , available at www.jneurosci.org as supplemental material) rather than BLA gamma.
The delay-related increase in rhythmicity seen at late stages of learning is evident in the perievent histograms of Figure 8C -E in which the modulation of unit activity by the fast BLA oscillation is shown for the pre-CS period and delay period, late in training. Overall, these results indicate that, within all three structures, neuronal firing became rhythmically entrained by the fast BLA oscillations during the delay phase when the BLA rhinal cortices and hippocampus are thought to cooperate.
Discussion
The present study examined the role of fast (35-45 Hz) oscillations in coordinating amygdalo-rhinal interactions. The interest of this issue stems from recent findings suggesting that synchronized BLA activity facilitates rhinal interactions in a learning context (Paz et al., 2006) and previous work implicating fast oscillations in higher brain functions (Gray and Singer, 1989; Ribary et al., 1991; Lisman and Idiart, 1995; Buzsaki and Draguhn, 2004; Bartos et al., 2007) . Our results indicate that there are correlated fast field oscillations in the BLA and rhinal cortices during attentive waking, that these oscillations are associated with a rhythmic modulation in the firing probability of BLA and rhinal neurons, and that their power increases as a result of learning in an appetitive traceconditioning task. The significance of these observations for amygdalo-rhinal interactions is considered below.
Fast oscillations: ubiquity and underlying mechanisms
Fast oscillations in the 40 Hz range are ubiquitous in the brain (Steriade, 1997; Traub et al., 1998) . Indeed, in a number of species, they have been observed to occur spontaneously in a various cortical and subcortical sites, including the prepyriform cortex (Freeman, 1959) , neocortex (Eckhorn et al., 1988; Gray and Singer, 1989; Cardin et al., 2005) , hippocampus (Bragin et al., 1995) , rhinal cortices (Charpak et al., 1995; Dickson et al., 2003) , thalamus (Steriade et al., 1991 (Steriade et al., , 1996 , and striatum (Courtemanche et al., 2003) . Fast oscillations also occur in a variety of behavioral states, from anesthesia and slow-wave sleep (Steriade et al., 1996) , to sensory processing (Eckhorn et al., 1988; Gray and Singer, 1989) and attentive waking (Montaron et al., 1982; Murthy and Fetz, 1992; Buschman and Miller, 2007) . As a result of these latter observations, it was proposed that fast oscillations play a critical role in cognitive, perceptual, and attentional processes (Koch and Crick, 1991; Llinás and Ribary, 1992; Singer and Gray, 1995; Gray, 1999) .
In the neocortex and hippocampus, fast oscillations emerge from interactions between the intrinsic membrane properties (Llinás et al., 1991; Steriade et al., 1991 Steriade et al., , 1996 Gray and McCormick, 1996; Traub et al., 1996) and connections of constitutive neurons (for review, see Traub et al., 1998) . Local inhibitory interneurons play a particularly important role in synchronizing fast oscillations among large sets of principal cells (Buzsáki and Chrobak, 1995; Cobb et al., 1995; Traub et al., 1996; Buhl et al., 1998; Fisahn et al., 1998; Tamás et al., 2000) (for review, see Bartos et al., 2007) . This results from the fact that interneurons are coupled by chemical synapses (Kisvárday et al., 1993; Cobb et al., 1997; Tamás et al., 1998) and gap junctions (Galarreta and Hestrin, 1999; Gibson et al., 1999) . Consequently, in conditions of afferent excitation, interneurons would generate synchronized GABA A IPSPs in thousands of principal cells, thus entraining them to fire preferentially on the decaying phase of IPSPs.
In addition, fast oscillations have been reported to synchronize distant neurons in some circumstances. For instance, magnetoencephalographic recordings have revealed that there are spontaneous fast oscillations over the entire cortex in humans with a phase lag of ϳ12 ms between the rostral and caudal pole of the brain (Ribary et al., 1991; Llinas and Ribary, 1992) . Similarly, presentation of liminal somatosensory stimuli produces a synchronization of prefrontal and parietal fast oscillations when subjects detect the stimuli but not when they remained unregistered (Palva et al., 2005) .
Generation of fast oscillations in the amygdalo-rhinal network
Although in vitro studies indicate that the rhinal cortices can generate fast oscillations autonomously (Cunningham et al., 2004) , our results suggest that, in an intact network, in emotionally arousing conditions, amygdala inputs may play a critical role in promoting fast oscillatory activity. This contention is based on the following findings: (1) the BLA sends robust glutamatergic projections to the rhinal cortices (for review, see Pitkänen, 2000) , (2) the power of fast oscillations was significantly higher in the BLA than in the rhinal cortices, and (3) the modulation of unit activity by fast oscillations was stronger in the BLA than in the rhinal cortices.
So far, relatively little work has been performed on the cellular mechanisms underlying fast oscillations in the BLA. However, several factors suggest that they are similar to those documented in the neocortex and hippocampus. Indeed, the cellular composition of the BLA is reminiscent of cortex, consisting of a majority of glutamatergic principal neurons and an heterogeneous class of inhibitory interneurons (for review, see McDonald, 1992) . Moreover, the electroresponsive properties of principal and localcircuit cells of the BLA and cortex are similar (Paré et al., 2003; Sah et al., 2003) . As in cortex, principal cells are interconnected with other principal cells and interneurons (Smith and Paré, 1994; Smith et al., 2000; Muller et al., 2006 Muller et al., , 2007 . Moreover, parvalbumin-expressing interneurons of the BLA form chemical as well as electrical synapses with each other (Muller et al., 2005; Woodruff and Sah, 2007) . Last, application of the gap junction blocker carbenoxolone was reported to disrupt fast oscillatory activity induced by application of nanomolar concentrations of kainic acid in brain amygdala slices kept in vitro (Sinfield and Collins, 2006) .
At present, it is unclear whether fast BLA oscillations are paced by rhythmically active inputs, extrinsic to the BLA, or whether the rhythm emerges out of intrinsic synaptic interactions between principal and local-circuit neurons of the BLA. In support of the first possibility, some tracing studies suggest that the BLA receives inputs from the prepyriform cortex (Russchen, 1982; McDonald, 1998) in which oscillations in the 40 Hz range have been described (Freeman, 1959) . However, these projections are rather sparse. An important question to be addressed in the future will be to determine whether prepyriform and BLA oscillations are related.
Learning-related changes in fast amygdala and rhinal oscillations
In a previous study, using the same behavioral task and correlative analyses of BLA and rhinal firing, we observed that BLA activity facilitated rhinal interactions (Paz et al., 2006) . At early but not late stages of training, this effect was seen in relation to reward delivery. In contrast, at late stages of training, this effect occurred in relation to the delay but not the reward. Analysis of the underlying mechanisms revealed that both the early (reward-related) and the late (delay-related) effects resulted from an increased synchrony in the activity of BLA neurons (Paz et al., 2006) . However, the mechanisms underlying this enhanced synchrony remained unclear. The present study tested whether fast oscillations contributed to synchronize the activity of BLA and rhinal cells in the trace conditioning task.
Consistent with this possibility, we observed that at late (but not early) stages of learning, the power and correlation of fast BLA and rhinal oscillations increased during the delay. However, no reward-related changes in correlated fast oscillatory activity were seen in relation to the reward at either stages of learning. Thus, these results suggest that, although fast oscillatory activity may contribute to enhance BLA-rhinal interactions, they are only part of the story. The reward-related effect seen at early stages of learning remains unexplained. 
Functional significance of fast amygdalo-rhinal oscillations
At a neuronal level, the entrainment of BLA and rhinal activity by fast oscillations likely facilitates interactions between these structures. Indeed, fast oscillations telescope the periods of neuronal interactions in short recurring time windows, when the membrane potential and electrotonic structure of the cells favor the genesis of orthodromic spikes. Considering the essential role that coincident neuronal activity is believed to play in synaptic plasticity (Bliss and Collingridge, 1993; Malenka and Nicoll, 1993) and the involvement of the amygdala and rhinal cortices in memory (Zola-Morgan et al., 1989; Cahill et al., 1996; Suzuki, 1996; Fanselow and LeDoux, 1999) , the presence of coherent fast oscillations in the BLA and rhinal cortices might thus create network conditions that promote memory formation.
Evidence that precise temporal coordination is a critical aspect of amygdalo-rhinal interactions comes from analyses of conduction times from BLA neurons to the rhinal cortices. Indeed, achieving synchrony in the amygdalo-rhinal network presents special challenges because the amygdala is located at the rostral pole of the temporal lobe, whereas the rhinal cortices extend Ͼ1 cm rostrocaudally. However, it was found that the conduction of times of BLA neurons to the rhinal cortices is constant despite large variations in travel distances (Pelletier and Paré, 2002) . Thus, in light of the present findings, we hypothesize that afferent activation of the BLA results in a synchronized and rhythmic depolarization of rhinal neurons located at different rostrocaudal levels. As a result, coincident but spatially distributed inputs of the same or different sensory modalities will become suprathreshold in the rhinal cortices. Moreover, because BLA axons (Smith and Paré, 1994) and long-range intrinsic rhinal axons (Martina et al., 2001) do not contact inhibitory interneurons, these events should promote NMDAdependent synaptic plasticity (Bliss and Collingridge, 1993; Malenka and Nicoll, 1993; Bilkey 1996) . Ultimately, the links between rhinal neurons representing different aspects of coincident sensory patterns will be reinforced (De Curtis and Paré, 2004) . In this manner, the BLA could facilitate associative processes in the rhinal cortices. 
